ABsTrAcT: Twenty-four organic Fe sources were evaluated by polarographic analysis and via solubility in buffers (pH 5 and 2) and deionized water.
iNTroDucTioN
Iron is essential for animals and involved in functions of numerous Fe-containing enzymes and protein systems (Wang et al., 2007) . Traditionally, Fe as the inorganic iron sulfate is supplemented into diets to prevent animals' Fe deficiencies or support their optimal growth. In recent years, developments and uses of organic Fe sources have been receiving increasing The chemical characteristics of organic iron sources and their relative bioavailabilities for broilers fed a conventional corn-soybean meal diet 1 and gene expressions of 2 Fe-containing enzymes in tissues of broilers at 7, 14, and 21 d of age were determined in the present study. Transferrin saturation in plasma on 14 d; bone Fe on d 7 and 14; liver Fe on d 7, 14, and 21; kidney Fe on d 14; succinate dehydrogenase activities in the liver on d 21 and in the kidney on d 7 and 21; cata lase mRNA levels in the kidney and heart on d 14; and succinate dehydrogenase mRNA levels in the liver and kidney on d 21 linearly increased (P < 0.05) as added Fe levels increased. However, differences in bioavailabilities among Fe sources were detected (P < 0.05) only for the succinate dehydrogenase mRNA levels in the liver and kidney on d 21. Based on slope ratios from the multiple linear regression of succinate dehydrogenase mRNA level in the liver or kidney of broilers on d 21 on daily dietary analyzed Fe intake, the bioavailabilities of Fe-Met W, Fe-Prot M, and Fe-Prot ES relative to iron sulfate (100%) were 129 (P = 0.18), 164 (P < 0.003), and 174% (P < 0.001) or 102 (P = 0.95), 143 (P = 0.09), and 174% (P < 0.004), respectively. These results indicated that the relative bioavailabilities of organic Fe sources were closely related to their Q f values and organic Fe sources with greater Q f values showed higher Fe bioavailabilities.
attentions because inorganic Fe additives have many disadvantages . However, the reported results regarding the relative bioavailabilities of organic Fe sources are inconsistent (Kuznetsov, 1987; Cao et al., 1996; Yu et al., 2000; Kwiecien et al., 2015) . The chemical characteristics of organic Fe sources may partially explain the discrepancies in their relative bioavailabilities. A series of studies from our laboratory (Li et al., 2004 (Li et al., , 2005 Huang et al., 2009 Huang et al., , 2013 Liu et al., 2012a Liu et al., , 2013 Wang et al., 2012) have shown that the relative bioavailabilities of organic Mn, Zn, and Cu for broilers fed a conventional corn-soybean meal diet were closely related to their chelation strengths (quotient of formation [Q f ] values). The latest study from our laboratory demonstrated that iron proteinate with moderate chelation strength had a higher bioavailability than iron sulfate in enhancing hemoglobin (Hb) and total body Hb Fe of broilers fed a caseindextrose diet. However, no study has been reported to evaluate the relationships between the Q f values and relative bioavailabilities of organic Fe sources for broilers fed a conventional corn-soybean meal diet by using the Fe-containing enzymes and their gene expression indices. Therefore, the objective of this study was to estimate the relative bioavailabilities of organic Fe sources using a multiple regression slope ratio method of sensitive indices and look for the relationships between their bioavailabilities and Q f values when added to a practical corn-soybean meal diet for broilers at Fe concentrations near their dietary Fe requirement.
mATeriALs AND meTHoDs

Iron Sources
Twenty-four commercial organic Fe products from several manufacturers and reagent-grade inorganic iron sulfate (FeSO 4 •7H 2 O) were evaluated in laboratory assays. Organic Fe products included 6 Fe-Met complex (Fe-met 1 to 6) sources, 10 Fe-Gly complex (Fe-Gly) sources (Fe-Gly 1 to 10), 1 Fe-Lys complex (Fe-Lys) source (Fe-Lys), 4 iron proteinates (Fe-prot 1 to 4), and 3 Fe-AA complex (Fe-AA 1 to 3) sources. All sources were obtained from independent distributors rather than directly from manufacturers of the products.
Iron and AA Analyses in Fe Sources
Total Fe concentrations in Fe sources were determined by inductively coupled plasma emission spectroscopy (model IRIS Intrepid II; Thermal Jarrell Ash, Waltham, MA). Approximately 0.2 g of each Fe source was weighed in triplicate and digested with 5 mL of HNO 3 and 15 mL of HCl at 200°C in a 50-mL calibrated flask until the solution cleared and then was condensed to approximately 0.2 mL and diluted with 2% HNO 3 (vol/vol) to the proper Fe concentration before analysis. The Fe in ferric Fe was determined by a titration method (National Institute of Standards and Technology, 2007) . Amino acids in Fe-AA sources and Fe-Prot were analyzed by using the method described by Li et al. (2004) . The total AA concentrations in single-ligand AA complexes were calculated according to detectable N, which was determined as described by the AOAC (1990; 988.05) . The total AA concentrations in other organic Fe sources were the sum of all AA concentrations in them.
Solubility and Chelation Properties of Fe Sources
Iron solubilities in all Fe sources were determined in triplicate by mixing a 0.2-g sample with 100 mL of 0.1 M K 2 HPO 4 -KH 2 PO 4 buffer (pH 5.0), 0.2 M HClKCl buffer (pH 2.0), or deionized H 2 O. Mixtures were constantly stirred while incubating at 37°C for 12 h and then filtered through Whatman No. 42 filter paper (Whatman Inc., Clifton, NJ; Watson et al., 1970) . The Fe content of the filtrates was analyzed after proper dilution with deionized H 2 O. The Fe in the filtrates was assumed to be soluble, and the values obtained were expressed as a percentage of total Fe in the source. The chelation effectiveness of organic Fe sources was determined as described by Holwerda et al. (1995) using polarography with a hanging mercury drop electrode (Ag/AgCl reference electrode, model JM-01; Jiangsu Jiangfen Precision Instrument Factory, Taizhou, Jiangsu, P. R. China; electrochemical analyzer, model CHI610D; Shanghai Chenhua Instrument Co., Ltd., Shanghai, P. R. China). The organic Fe sources were dissolved in deionized water to prepare an organic Fe solution, in which Fe concentration was probably 0.1 M, according to the solubility of Fe sources in deionized H 2 O. Then, the solution for each organic Fe source was diluted with pH 6.0 0.1 M 2-(N-morpholino)ethanesulfonic, a noncomplexing buffer, to prepare a final solution (the Fe concentration in the solution was 1 mM) for anaerobic electrochemical measurements with a N purge. The half-wave potential (E 1/2 ) and the shift in half-wave potential (ΔE 1/2 ) were measured and used to calculate the Q f values, which is a quantitative measure of chelation or complex strength (Holwerda et al., 1995; Li et al., 2004) .
Birds and Diets
All experimental procedures were approved by the Office of Beijing Veterinarians. A total of 1,170 1-d-old Arbor Acres commercial male chicks (Huadu Broiler Breeding Corp., Beijing, P. R. China) were randomly allotted by BW to 1 of 13 treatments with 6 replicate cages (15 birds/cage) in a completely randomized design involving a 4 × 3 (source × level) factorial arrangement of treatments plus a control with no added Fe. Broilers were housed in and electrically heated, thermostatically controlled room with fiberglass feeders and stainless steel cages coated with plastics and were maintained on a 24-h constant light schedule for 21 d. The birds were allowed ad libitum access to the experimental diets and tap water that contained no detectable Fe. Birds were weighed, and feed intake was recorded at 7, 14, and 21 d of age.
The basal corn-soybean meal diet (Table 1) contained 55.8 mg Fe/kg by analysis for the starter (d 1 to 21) diet. Diets were formulated so that all other nutrients met or exceeded requirements for broilers (NRC, 1994) . Based on the assumption that the Q f values of organic Fe sources are highly correlated with their bioavailabilities, 3 organic Fe sources with different Q f values were selected from the above 24 organic Fe sources in this experiment. The 4 Fe sources chosen in this trial included an Fe-Met with weak chelation strength (Fe-met W; Q f value = 1.37; 14.7% Fe by analysis), an Fe-Prot with moderate chelation strength (Fe-prot m; Q f value = 43.6; 14.2% Fe by analysis), an Fe-Prot with extremely strong chelation strength (Fe-prot es; Q f value = 8,590; 10.2% Fe by analysis), and reagent-grade FeSO 4 ·7H 2 O (19.5% Fe by analysis). The Fe-Prot M, which is the same as that used in the study of , was chosen in the present study because we wanted to compare the result of the present study with that of under different method systems. However, the Fe-Met W was chosen based on other similar chemical characteristics except for the Q f value between it and either Fe-Prot M or Fe-Prot ES. The dietary treatments included an Feunsupplemented corn-soybean meal basal diet (the control) and the basal diet supplemented with 20, 40, or 60 mg Fe/kg as either reagent-grade FeSO 4 •7H 2 O or 1 of the 3 organic Fe sources.
A single batch of basal feed was mixed and divided into 13 aliquots according to the experimental treatments. Lysine or Met concentration in each treatment was balanced by supplementation of additional l-Lys monohydrochloride or dl-Met. Each Fe source was mixed with cornstarch to the same weight and mixed with each aliquot of the basal diet. Analyzed dietary Fe concentrations are presented in Table 2 .
Sample Collections and Preparations
Samples of the feed ingredients and diets from all the treatments were taken and submitted for CP, Ca, and Fe analyses before the initiation of the trial to confirm CP, Ca, and Fe contents in diets. The tap water was collected for analyzing Fe content. At 7, 14, or 21 d of age, 4 birds from each cage were selected according to average BW within the cage after a 12-h fast. Blood samples were taken from each bird via heart puncture with stainless-steel needles that were equipped with heparinized blood-collection tubes for 4 mL. One-milliliter blood samples were stored at 4°C for the analyses of Hb concentration and hematocrit (Hct), and others were centrifuged at 3,000 × g for 10 min at 4°C to isolate plasma and then stored at −20°C until analyses of plasma iron (pi) and total iron binding capacity (TiBc). The birds were subsequently killed; samples of their liver, kidney, and heart were taken; and a subsample was frozen at −20°C for the analyses of Fe content and catalase (cAT) and succinate dehydrogenase (sDH) activities and another sample was frozen in liquid N for CAT and SDH gene expression assays. The samples of the liver, kidney, and heart were homogenized with a tissue grinder (T 18 D S25; IKA Group, Staufen, Germany) in ice-cold 10% (wt/vol) physiological saline for 1 min and then treated with an ultrasonic wave cell grinder (JY92-11; Ningbo Scientz Biotechnology Co., Ltd., Ningbo, Jiangsu, P. R. China) for 1 min (1 s, with 2-s interval) as described by Zhu et al. (2015) . Then, the homogenates were centrifuged at 1,000 × g for 15 min at 4°C to harvest the supernatants for immediately analyzing total protein content and CAT and SDH activities. The left tibia was excised and frozen in an individual heat-sealed polyethylene bag for Fe content analysis. Tibia bones were ashed in a muffle furnace at 550°C as described by Li et al. (2004) . The samples from 4 individual chicks were pooled into 1 sample based on replicate cage before analysis.
Sample Analyses
Measurements of Fe, Ca, and CP Contents. Iron concentrations in ingredients, diets, water, and tissues were determined by inductively coupled plasma emission spectroscopy after wet digestions with HNO 3 and HCIO 4 as described by Huang et al. (2009) . Validation of the mineral analysis was conducted using bovine liver powder as a standard reference material (GBW [E] 080193; National Institute of Standards and Technology, Beijing, P. R. China). Concentrations of Ca and CP in feed ingredient or diet samples were determined as described by the AOAC (1990; 927.02, 988.05) .
Determinations of Hematological Indices. The Hb concentration and Hct in the whole blood were determined by an automatic hematology analyzer (ABX Pentra DF 120; HORIBA Medical Inc., Montpellier, France; Southern and Baker, 1982; Aoyagi and Baker, 1995) . The PI and TIBC were measured by using the colorimetric method (Bothwell et al., 1971; International Committee for Standardization in Haematology, 1978; Huebers et al., 1987) . Transferrin saturation (Ts) in the plasma was calculated according to an equation: TS (%) = (PI/TIBC) × 100% (Huebers et al., 1987; Ma, 2012) .
Determinations of the Activities of Fe-Containing Enzymes in Tissues. Total protein concentrations in the supernatants of tissue homogenates were determined using a BCA Protein Assay kit (catalog number 23225; Thermo Scientific, Rockford, IL) according to the manufacturer's instruction. The activities of CAT were analyzed by Goth's colorimetric method (Goth, 1991) with a commercial available test kit (catalog number A007-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, P. R. China). The supernatants of tissue homogenates were incubated in H 2 O 2 -contained substrate solutions at 37°C for 60 s; then, the enzymatic reaction was stopped with ammonium molybdate and the yellow complex of molybdate and H 2 O 2 was measured at 405 nm using a UV-visible spectrophotometer (Cary 100; Varian Inc., Palo Alto, CA). One unit of CAT decomposes 1 μM of H 2 O 2 /s under these conditions, and the results were expressed as units per milligram protein.
The SDH can catalyze the oxidation reaction of succinate to generate fumarate and the electrons are transferred to flavin adenine dinucleotide (FAD), which couples with an artificial electron acceptor dye 2,6-dichlorophenolindophenol (Dcip). The DCIP receives electrons from the reduced FAD (FADH 2 ) and then is reduced. In this process, the color change of the reaction system duo to the reduction of DCIP can be quantitatively measured by a UV-visible spectrophotometer. Therefore, the activities of SDH were analyzed using a colorimetric method with a commercially available test kit (catalog number A002; Nanjing Jiancheng Bioengineering Institute) by monitoring FAD-mediated DCIP reduction at 37°C during 1 min at 600 nm after the supernatants of tissue homogenates were quantitatively injected to the reaction system and mixed. One unit of SDH was defined as the amount of enzyme required to reduce the absorbance of the reaction system by 0.01/min, and the results were expressed as units per milligram protein.
Quantifications of Gene Expressions by RealTime PCR. Total RNA in the liver, kidney, and heart were isolated using TRIZOL reagent (catalog number 15596018; Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. Concentrations of total RNA were estimated by measuring UV light absorbance at 260 nm (NanoDrop 2000; Thermo Scientific, Waltham, MA). Reverse transcription was performed using the PrimeScript RT reagent Kit with gDNA Eraser (catalog number RR047A; Takara Table 3 . The β-actin and GAPDH genes were used to normalize the expressions of targeted genes CAT and SDH mRNA using the 2 −ΔΔCT method (Livak and Schmittgen, 2001; Zhu et al., 2015) .
The CAT and SDH mRNA abundances in the liver, kidney, and heart were determined using real-time PCR quantitative analysis in a fluorescence detection system (ABI 7900HT; Life Technologies), according to optimized PCR protocol, and the SYBR Green PCR Master Mix (catalog number 4367659; Life Technologies). The PCR reaction system (10 μL) contained 5 μL of SYBR Green PCR Master Mix, 0.4 μL of forward primer (10 μM), 0.4 μL of reverse primer (10 μM), 1 μL of cDNA template, and 3.2 μL of water. The PCR protocol was as follows: an initial denaturation (2 min at 95°C) and then a 3-step amplification program (60 s at 95°C, 30 s at 60°C and 30 s at 72°C) repeated 40 times. The abundance of CAT or SDH mRNA was expressed as a ratio of CAT or SDH mRNA to the geometrical mean of β-actin and GAPDH mRNA.
Statistical Analyses
To test the effect of Fe supplementation, data were analyzed using single degree of freedom contrast to compare all supplemental Fe treatments with the control Suo et al., 2015) . Data excluding the control were analyzed by 2-way ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC). The model included the effects of Fe source, supplemental Fe level, and their interaction. The cage was the experimental unit. Orthogonal polynomials were used to assess linear and quadratic responses to added Fe levels. Relative bioavailability values were determined using iron sulfate as the standard source by slope ratio comparisons from multiple linear regressions (Littell et al., 1995 (Littell et al., , 1997 Li et al., 2004 Li et al., , 2005 Huang et al., 2009 Huang et al., , 2013 Suo et al., 2015) . The regressions were calculated using daily dietary Fe intake (based on Fe assays of diets) as the independent variable rather than added Fe levels (Boling et al., 1998; Yu et al., 2000) . Slope ratios and their SE were estimated using the method of error propagation as described by Littell et al. (1995) . Differences among sources were determined by differences in their respective regression coefficients. Differences among means were tested by the LSD method, and P ≤ 0.05 was considered to be statistically significant.
resuLTs
Iron and AA Contents in Organic Fe Sources
Iron contents in the organic Fe sources varied considerably, ranging from 10.2 to 20.1% on an as-fed basis (Table 4 ). The Fe in ferric Fe varied from 0 to 5.66%, which might influence their bioavailabilities. Total AA concentrations and single AA contents also varied among organic Fe sources (Table 5) . Total AA content in Fe-Prot 2 was the greatest, with 57.86%, and the least in Fe-Gly 2, with 20.77%. Methionine contents in the 6 Fe-Met were greater than those in other organic Fe sources, and the same is true for Lys content in Fe-Lys. This was probably related to the ingredients used as ligands in the manufacture of the Fe products. The molar ratios were calculated according to the equation molar ratio = (the total AA concentration/the molecular weight of AA)/(the Fe concentration/the atomic weight of Fe). The average molecular weight (128 Da) of AA was used as the molecular weight of AA in Fe-Prot and Fe-AA. Most of the molar ratios of ligands and Fe were around 1:1, and only 2 organic Fe sources (Fe-Prot 2 and Fe-Lys) had molar ratios of around 2:1. 2 ID = identity.
3 F = forward; R = reverse.
Solubility and Chelation Properties of Organic Fe Sources
Data are listed in Table 4 . At pH 2.0, solubilities of organic Fe sources were more than 80% except for FeMet 6, Fe-Gly 8, and Fe-Prot 4, which were only 76.7, 61.4, and 44.5% soluble, respectively. The solubilities of Fe sources were lower in pH 5.0 buffer than in pH 2.0 buffer, which indicated that pH and ligands influenced the solubilities of Fe sources. In deionized H 2 O, the solubilities varied from 22.8 to 100%, probably related to the insolubility of carrier materials. Chelation strengths of the organic Fe products, presented as Q f values, changed from 1.08 to 8,590. All 6 Fe-Met products (Fe-Met 1, Fe-Met 3 to 6, and Fe-Met 2 or Fe-Met W), 10 Fe-Gly (Fe-Gly 1 to 10), 1 Fe-Lys (FeLys), 1 Fe-AA (Fe-AA 2), and 1 Fe-Prot (Fe-Prot 4) with Q f values from 1.08 to 8.18 had weak chelation strengths; 2 organic Fe-AA (Fe-AA 1 and Fe-AA 3) and 2 Fe-Prot (Fe-Prot 1 or Fe-Prot M and Fe-Prot 3) showed moderate chelate strengths, whose Q f values were 24.6, 15.7, 43.6, and 55.1, respectively; 1 Fe-Prot (Fe-Prot 2 or Fe-Prot ES) with a Q f value of 8,590 had an extremely strong chelation strength.
Broiler Chick Trial
Data of the growth performance are shown in Table 6 . No differences (P > 0.05) were observed in the ADG, ADFI, and G:F between the birds fed the control diet and those fed Fe-supplemented diets during each experimental period. The Fe source, added Fe level, and their interaction did not affect (P ≥ 0.07) ADG, ADFI, and G:F during each experimental period.
Data of hematological indices are listed in Table 7 . Compared with the control chicks, chicks fed Fesupplemented diets had greater (P < 0.05) Hb on d 7 and 14 and Hct on d 7 and 21. However, there were no differences (P > 0.05) in Hb on d 21; Hct on d 14; and PI, TIBC, and TS at all sampling time points between the birds fed the control diet and those fed Fesupplemented diets. The Fe source or an interaction between Fe source and added Fe level did not affect (P > 0.30) Hb, Hct, PI, TIBC, and TS on d 7, 14, and Table 8 . Compared with the control chicks, chicks fed Fe-supplemented diets had greater (P < 0.05) Fe concentrations in the bone at each sampling time point and in the liver at 7 and 21 d of age. However, there were no differences (P > 0.05) in Fe concentrations in the liver on d 14 and in the kidney and heart at each sampling time point between the birds fed the control diet and those fed Fe-supplemented diets. The Fe source or an interaction between Fe source and added Fe level had no effect (P > 0.11) on Fe concentrations in bone and the liver, kidney, and heart on d 7, 14, and 21. Added Fe level influenced (P < 0.05) bone Fe at 7 and 14 d of age; liver Fe at 7, 14, and 21 d of age; and kidney Fe at 14 d of age but had no effect (P > 0.13) on bone Fe on d 21, kidney Fe on d 7 and 21, and heart Fe at each sampling time point. As dietary Fe increased, bone Fe at 7 and 14 d of age; liver Fe at 7, 14, and 21 d of age; and kidney Fe at 14 d of age linearly increased (P < 0.04).
Data of CAT activities are listed in Table 9 . There were no differences (P > 0.05) in the CAT activities of tissues between the birds fed the control diet and those fed Fe-supplemented diets. The Fe source, added Fe level, and their interaction did not affect (P ≥ 0.10) CAT activities in the liver, kidney, and heart at 7 and 21 d of age.
Data of SDH activities are shown in Table 10 . Compared with the control chicks, chicks fed Fesupplemented diets had greater (P < 0.05) SDH activities in the kidney at 7 and 21 d of age. However, there were no differences (P > 0.05) in liver SDH activities on d 7 and 21 and heart SDH activity on d 21 between the birds fed the control diet and those fed Fe-supplemented diets. The Fe source or an interaction between Fe source and added Fe level had no effect (P > 0.45) on the SDH activities in the liver and kidney at either 7 or 21 d of age and in the heart at 21 d of age. Added Fe level affected (P < 0.004) kidney SDH activities on d 7 and 21 and liver SDH activity on d 21 but had no effect (P > 0.80) on liver SDH activity on d 7 and heart SDH activity on d 21. The SDH activities in the liver on d 21 and in the kidney on d 7 and 21 linearly increased (P < 0.004) as dietary Fe levels increased. In the current study, the SDH activity in the heart on d 7 was too low to be detected. Data of CAT mRNA levels are listed in Table 11 . Compared with the control chicks, chicks fed Fe-supplemented diets had greater (P < 0.05) CAT mRNA levels in the kidney on d 14. However, there were no differences (P > 0.05) in liver and heart CAT mRNA abundances at all sampling time points and kidney CAT mRNA abundances on d 7 and 21 between the birds fed the control diet and those fed Fe-supplemented diets. The Fe source or an interaction between Fe source and added Fe level had no effect (P > 0.15) on CAT mRNA levels in the liver, kidney, and heart at 7, 14, and 21 d of age. Added Fe level affected (P < 0.05) CAT mRNA levels in the heart on d 7 and 14 and in the liver on d 14 but had no effect (P > 0.10) on CAT mRNA levels in the liver on d 7 and 21; in the kidney on d 7, 14, and 21; and in the heart on d 21. As dietary Fe levels increased, CAT mRNA levels in the liver and heart at 14 d of age linearly increased (P < 0.04), whereas CAT mRNA levels in the heart at 7 d of age linearly decreased (P < 0.05).
Data of SDH mRNA levels are shown in Table 12 . No differences were detected (P > 0.05) in the SDH mRNA levels of the liver, kidney, and heart at all sampling time points between the chicks fed control diet and those fed Fe-supplemented diets. The Fe source, added Fe level, and their interaction had no effect (P > 0.11) on SDH mRNA levels in the liver and kidney on d 7 and 14 and in the heart at all sampling time points. Both Fe source and added Fe level affected (P < 0.04) liver and kidney SDH mRNA levels on d 21, but no interaction between Fe source and added Fe level was observed (P > 0.14) in the above 2 indices. Birds fed diets supplemented with either Fe-Prot ES or Fe-Prot M had greater (P < 0.05) liver SDH mRNA levels on d 21 than those fed diets supplemented with FeSO 4 , and no differences (P > 0.05) were observed between FeSO 4 and Fe-Met W or among the 3 organic Fe sources. Birds fed diets supplemented with Fe-Prot ES had greater (P < 0.05) kidney SDH mRNA levels on d 21 than those fed diets supplemented with either FeSO 4 or Fe-Met W, and no differences (P > 0.05) were observed between Data represent the means of 6 replicate cages (n = 6).
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Probability values for main effects. Fe-Prot ES and Fe-Prot M or among FeSO 4 , Fe-Met W, and Fe-Prot M. As dietary Fe levels increased, SDH mRNA levels in the liver and kidney on d 21 linearly increased (P < 0.02). Regressions were calculated based on daily dietary analyzed Fe intake by age (Table 13 ). Significant (P < 0.04) multiple linear regression relationships were observed in TS in plasma on 14 d; in bone Fe on d 7 and 14; in liver Fe on d 7, 14, and 21; in kidney Fe on d 14; in SDH activities in the liver on d 21 and in the kidney on d 7 and 21; CAT mRNA levels in the heart on d 7 and in the liver and kidney on d 14; and SDH mRNA levels in the liver and kidney on d 21. Therefore, the relative bioavailability values were estimated based on daily dietary analyzed Fe intake (Table 14) . However, differences (P < 0.05) in slopes among Fe sources were detected only in SDH mRNA levels in the liver and kidney of broilers at 21 d of age. When the response to FeSO 4 was set at 100%, the estimated relative bioavailabilities of FeMet W, Fe-Prot M, and Fe-Prot ES were 129 (P = 0.18), 164 (P < 0.003), and 174% (P < 0.001), respectively, for liver SDH mRNA at 21 d of age or 102 (P = 0.95), 143 (P = 0.09), and 174% (P < 0.004), respectively, for kidney SDH mRNA at 21 d of age. When the relative bioavailabilities were estimated based on liver SDH mRNA levels at 21 d of age, the slope for Fe-Prot ES was greater (P < 0.05) than that for Fe-Met W or iron sulfate and the slope for Fe-Prot M was greater (P < 0.05) than that for iron sulfate and there were no differences (P > 0.05) between Fe-Prot M and Fe-Prot ES, FeProt M, and Fe-Met W or between Fe-Met W and iron sulfate. When the relative bioavailabilities were estimated based on kidney SDH mRNA levels at 21 d of age, the slope for FeProt ES was greater (P < 0.05) than that for Fe-Met W or iron sulfate and there were no differences (P > 0.05) between Fe-Prot M and each of the other Fe sources.
DiscussioN
Bioavailability of trace minerals was defined as the proportion of an ingested element that is absorbed, transported to its site of action, and converted to a physiologically active form (Matsui et al., 1996) . Therefore, the bioavailability of trace elements implies not only absorption but also utilization of the mineral for a specific function (Huang et al., 2009 ). Fe-Prot ES = an iron proteinate with extremely strong chelation strength (Q f = 8,590).
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However, it is difficult to quantitatively evaluate the actual utilization of an element with a response criterion that is sufficiently sensitive to determine the statistical differences with a small population of animals (Li et al., 2005) . A number of experiments were conducted to evaluate the Fe bioavailabilities in different foods and food compounds and to evaluate factors affecting Fe bioavailabilities ( Glahn et al., 1996; Hunt, 2003; Tako and Glahn, 2010) . Some researchers have estimated Fe bioavailabilities of organic Fe sources relative to traditional inorganic forms in animals, and the results were inconsistent (Kuznetsov, 1987; Spears et al., 1992; Cao et al., 1996; Yu et al., 2000; Kwiecien et al., 2015) . The disparities in Fe bioavailabilities of Fe sources among different studies might be due to many factors, such as chemical characteristics of Fe sources, diet types, added Fe levels, Fe status of the body, evaluation indices, Fe standard reference, and so on.
Chemical characteristics are considered important in predicting the bioavailabilities of chelated and complexed metals. A series of studies from our laboratory (Li et al., 2004 (Li et al., , 2005 Huang et al., 2009 Huang et al., , 2013 Wang et al., 2012; Liu et al., 2012a; has shown that the bioavailabilities of organic Mn, Zn, Cu, and Fe were closely related to their Q f values. Holwerda et al. (1995) classified the organic trace mineral supplements with their Q f into 4 classes, in which the supplements with Q f values less than 10 have a weak chelation strength, those with Q f values between 10 and 100 have a moderate chelation strength, those with Q f values between 100 and 1,000 have a strong chelation strength, and those with Q f values greater than 1,000 have an extremely strong chelation strength.
As for evaluation indices for Fe bioavailability, growth observation is one method to measure utilization but is generally a fairly unresponsive criterion for many mineral elements (Luo et al., 2007; Huang et al., 2009 Means within a row with different superscripts differ (P < 0.05).
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The SDH mRNA was calculated as the ratio of SDH mRNA to the geometric mean of β-actin (housekeeping gene) mRNA and GAPDH (housekeeping gene) mRNA and 2 housekeeping genes were used to normalize the SDH mRNA expression using 2 −ΔΔCT method.
from the current study were consistent with previous studies (Shinde et al., 2011; Kwiecien et al., 2015) , indicating that growth performance might be affected by numerous factors, and growth performance indicators were not sensitive and specific indices for assessment of bioavailabilities of Fe sources for broilers. The Hb and Hct have been used as the response criteria to assess the bioavailability of Fe (Amine et al., 1972; Kuznetsov, 1987; Galdi et al., 1988; Spears et al., 1992; Aoyagi and Baker, 1995; Ettle et al., 2008; Qiao et al., 2013; . Based on Hb concentration, when iron sulfate was set as 100%, the relative bioavailability of iron glycinate was 90% for rats (Galdi et al., 1988) . However, with the same index, the bioavailability of Fe-Met for nursing pigs was 83% higher than that of iron sulfate (Spears et al., 1992) . Kuznetsov (1987) found that Fe bioavailability of Fe-Met was 103% relative to FeSO 4 •7H 2 O for 26-d-old pigs based on erythrocyte counts. reported that blood Hb concentration and total body Hb Fe were sensitive indices in reflecting differences in bioavailability among different Fe sources, and the relative bioavailability of Fe-Prot with the moderate chelation strength was 117 and 114% for broilers when iron sulfate was set as 100% based on Hb concentration and total body Hb Fe. Nevertheless, in the above studies, semipurified or purified diets were usually used, in which not only the intrinsic Fe but also the inherent phytates, polyphenols, and organic acids were very low, which might influence the feed intake, growth, and Fe absorption of animals (Gillooly et al., 1983; Biehl et al., 1997; Teucher et al., 2004; Huang et al., 2009) . Therefore, the Fe bioavailability values of Fe sources might be underestimated with purified or semipurified diets and therefore might not be applicable to animal production under conventional diets. In the present study, there were no differences in all of the hematological indices (Hb, Hct, PI, TIBC, and TS) among the Fe sources, suggesting that hematological indices of broilers might lack the sufficient sensitivity required to detect differences of bioavailabilities among Fe sources when a practical corn-soybean meal diet containing a higher Fe content was used.
Target tissue accumulations of trace minerals have always been considered to be sensitive criteria to assess their relative bioavailabilities (Wedekind and Baker, 1990; Baker and Ammerman, 1995; Cao et al., 1996) . For almost all animals, the liver is the main site of Fe metabolism; therefore, liver Fe concentration has been used as the criterion for bioavailability estimation of different Fe sources. Cao et al. (1996) found that when chicks were fed corn-soybean meal diets (containing 188 mg of Fe/ kg) supplemented with 400, 600, or 800 mg Fe/kg, Fe concentrations in the liver and kidney showed closely linear correlations with dietary Fe intake and the bioavailability of Fe-Met was 88.3% relative to iron sulfate (100%) based on log10 liver Fe concentration. To obtain the linear correlations between tissue accumulations of trace minerals and dietary levels or intakes of trace elements, high doses of trace elements were usually added to the practical diets (Henry et al., 1989; Cao et al., 1996) . Decreased feed intake and average weight were observed when dietary added Fe levels were greater than approximately 400 mg/kg of Fe as reagent-grade iron sulfate (McGhee et al., 1965; Cao et al., 1996) , which might affect estimation of Fe bioavailability. Some researchers attempted to use a practical corn-soybean meal diet and a supplemental Fe at or near Fe requirement to determine the efficacies of the organic Fe sources (Shinde et al., 2011; Kwiecien et al., 2015) . The method offers several advantages in assessing Fe bioavailability, such as minimizing the effect of decreased feed intake and also maximizing the applicability of the results to practical conditions. According to the dietary Fe requirement (136 mg/kg) of Arbor Acres male broilers fed a conventional corn-soybean meal basal diet (containing 66.6 mg Fe/ kg) from 1 to 21 d of age from our laboratory (Ma, 2012) , a practical corn-soybean diet (containing 55.8 mg Fe/kg) and 3 supplemental Fe levels (20, 40, 60 mg/kg) were chosen in the current study. Yu et al. (2000) reported that in improving Fe concentration in the liver of weanling pigs, the Availa-Fe (Fe-AA; Zinpro Corp., Eden Prairie, MN) was more effective than iron sulfate. In our present study, with increasing dietary Fe, bone Fe at 7 and 14 d of age, liver Fe at all sampling time points, and kidney Fe at 14 d of age linearly increased, but no differences in these indices among different Fe sources were observed. These results from the current study indicated that tissue Fe concentrations of broilers were not sensitive enough to detect the differences among Fe sources when broilers were fed a practical corn-soybean meal diet supplemented with relatively low Fe levels, which is consistent with the previous results that accumulations of trace minerals in target tissues are usually insensitive in detecting the differences among different forms of trace elements (Pimentel et al., 1991; Li et al., 2004; . Iron is a vital element required for the functions of numerous enzymes, such as CAT, SDH, and so on (Pondarre et al., 2006) . The activities of enzymes were affected by Fe level (Feng et al., 2009; Qiao et al., 2013) . Ma (2012) reported that the CAT activities in the liver of broilers increased with dietary Fe levels increased, and the same tendency was observed in pigs (Feng et al., 2009) . In the present study, CAT activities in the liver, kidney, and heart were not influenced by Fe source and added Fe level, indicating that CAT activity in the tissues might be an insensitive indicator to reflect the variation of the body Fe. The SDH staining was used to detect the activity and function of the endoplasmic reticulum and mitochondria of liver tissues (Liu et al., 2012b) . The liver, heart, and kidney of animals are rich in mitochondria (Li et al., 2011) ; therefore, these tissues may be important places for SDH to take effect. Feng et al. (2009) reported that the SDH activity in the liver linearly increased as dietary Fe increased in weaned piglets. The same trends were observed for SDH activities in the liver and heart of broilers at 21 d of age 3 Fe-Prot M = an iron proteinate with moderate chelation strength (Q f = 43.6).
4 Fe-Prot ES = an iron proteinate with extremely strong chelation strength (Q f = 8,590).
5 P-value for the difference in slopes among Fe sources.
when more Fe was added to the basal diet (Ma, 2012) , indicating that Fe might be an important micronutrient for the activity of SDH. In the present experiment, the SDH activities in the liver and kidney increased with increasing dietary Fe at 21 d of age but no differences were found in the SDH activity among Fe sources, indicating that SDH activities in the liver and kidney lack enough sensitivity to detect the differences among Fe sources. Maximal abundance of mRNA might occur a few hours before the increased amounts of the corresponding protein (Blalock et al., 1988) , which explained why the mRNA levels of CAT and SDH in tissues were more sensitive than their activities in the present study. Therefore, CAT and SDH activities in tissues at 14 d of age were not determined in this study. Quantitative real-time reverse transcription PCR provides a highly sensitive and reproducible method for measuring changes in gene expressions that have been used to assess the bioavailabilities of organic element sources (Li et al., 2004 (Li et al., , 2005 (Li et al., , 2008 (Li et al., , 2011 Luo et al., 2007; Huang et al., 2009 Huang et al., , 2013 . The CAT mRNA levels in the liver of broilers on d 21 had an increasing trend as dietary Fe increased (Ma, 2012 ). In the current study, CAT mRNA levels in the liver and heart increased as added Fe levels increased at 14 d of age but no differences among Fe sources were detected, indicating that CAT mRNA levels in the liver and heart were not useful indicators to detect the differences of bioavailability among Fe sources. Ma (2012) reported that the SDH mRNA levels of broilers linearly increased as dietary Fe concentrations increased at 21 d of age. Similar results were also obtained in the kidney of broilers at 42 d of age , indicating that dietary Fe affected SDH gene expression. In the present experiment, the SDH mRNA levels in the liver and kidney showed linear increases as dietary Fe increased at 21 d of age and were also affected by Fe sources. These results demonstrated that the 2 indices, as functionally responsive criteria, were more sensitive than SDH activity in the liver or kidney or other indices for estimation of the bioavailabilities of organic Fe sources.
In the present study, the relative bioavailabilities of organic Fe sources were closely related to their Q f values and organic Fe sources with greater Q f values showed higher Fe bioavailabilities. However, the change pattern in the relative bioavailabilities of the organic Fe sources with moderate or extremely strong chelation strength is not in agreement with that in the relative bioavailabilities of organic Mn or Zn sources with moderate or strong chelation strengths for broilers fed corn-soybean meal diets as demonstrated by our laboratory (Li et al., 2004 (Li et al., , 2005 Huang et al., 2009 Huang et al., , 2013 . The organic Mn or Zn source with moderate chelation strength had the highest bioavailabilities, and the organic Mn or Zn with strong chelation strength had a lower bioavailability than organic Mn or Zn with moderate chelation strength (Li et al., 2004; Huang et al., 2009 Huang et al., , 2013 , and even the organic Zn with near extremely strong chelation strength had a lower bioavailability than organic Zn with weak chelation strength and the inorganic zinc sulfate (Huang et al., 2009 (Huang et al., , 2013 . The reasons for the above discrepancies might be that the divalent Fe is very active and easily oxidized to ferric Fe, which is less available to animals, and the organic Fe with stronger chelation strengths could better avoid this oxidation reaction and therefore be more available to animals. However, further experiments are required to confirm the above assumption using chelation strength as an indicator of bioavailability estimation as well as a wider range of organic Fe sources.
The Fe-Prot M used in the present study is the same as that used in the study of . However, its bioavailability value relative to FeSO 4 •7H 2 O (100%) is about 40% lower in the study of averaging 116%) than in the present study (averaging 154%), probably due to the reduced feed intake and inhibited growth and Fe utilization of broilers fed a purified casein-dextrose diet in the study of . Obviously, the bioavailability values from the present study could be better applicable to animal production under conventional diets.
The results from the present study indicated that under conventional diets supplemented with Fe levels at or near Fe requirement of broilers, using more sensitive gene expression indices of Fe-containing enzymes in target tissues, the multiple linear regression slope ratio method could more accurately estimate Fe bioavailabilties of Fe sources for broilers. Furthermore, in our laboratory, such similar methods have been successfully used for estimating Mn and Zn bioavailabilties of Mn and Zn sources for broilers (Li et al., 2004 (Li et al., , 2005 Huang et al., 2009 Huang et al., , 2013 Wang et al., 2012; Liu et al., 2013) . In traditional multiple linear regression slope ratio methods, the purified or semipurified diets supplemented with mineral levels below requirements of animals were adopted and growth and Hb, etc., were used as evaluation indices , or the conventional diets supplemented with excessive but nontoxic mineral levels were adopted and mineral accumulations in target tissues were used as evaluation indices (Henry et al., 1989; Cao et al., 1996) . However, the above traditional methods reduced feed intake and inhibited growth and thus mineral utilization of birds. The present multiple linear regression slope ratio method using more sensitive gene expression indices of metal-containing enzymes and functional proteins in target tissues with conventional diets supplemented with mineral levels at or near requirements of animals could effectively overcome the bioavailability-underestimated disadvantages of the above traditional methods. Therefore, this new method system developed by our laboratory could more accurately estimate bioavailabilities of Mn, Zn, and Fe sources for broilers and therefore maximize the applicability of the results to practical conditions. In addition, it can also be used to evaluate bioavailabilities of other mineral sources for broilers and of minerals for other animals in future studies.
In conclusion, only SDH mRNA expression levels in the liver and kidney of broilers on d 21 were sensitive enough to estimate the bioavailabilities of Fe sources. The relative bioavailabilities of organic Fe sources were closely related to their Q f values, and organic Fe sources with greater Q f values showed higher Fe bioavailabilities. More studies are required to verify use of chelation strength as an indicator of bioavailability estimation with a wider range of organic Fe sources.
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